Abstract Although nuclear copies of mitochondrial DNA (numts) can originate from any portion of the mitochondrial genome, evidence from humans suggests that more variable parts of the mitochondrial genome, such as the mitochondrial control region (MCR), are under-represented in the nucleus. This apparent deficit might arise from the erosion of sequence identity in numts originating from rapidly evolving mitochondrial sequences. However, the extent to which mitochondrial sequence properties impacts the number of numts detected in genomic surveys has not been evaluated. In order to address this question, we: (1) conducted exhaustive BLAST searches of MCR numts in three hominoid genomes; (2) assessed numt prevalence across the four MCR sub-domains (HV1, CCD, HV2, and MCR F ); (3) estimated their insertion rates in great apes (Hominoidea); and (4) examined the relationship between mitochondrial DNA variability and numt prevalence in sequences originating from MCR and coding regions of the mitochondrial genome. Results indicate a marked deficit of numts from HV2 and MCR F MCR sub-domains in all three species. These MCR sub-domains exhibited the highest proportion of variable sites and the lowest number of detected numts per mitochondrial site. Variation in MCR insertion rate between lineages was also observed with a pronounced burst in recent integrations within chimpanzees and orangutans. A deficit of numts from HV2/MCR F was observed regardless of age, whereas HV1 is underrepresented only in older numts ([25 million years). Finally, more variable mitochondrial genes also exhibit a lower identity with nuclear copies and because of this, appear to be under-represented in human numt databases.
Introduction
Fragments of mitochondrial DNA (mtDNA) translocated into the nucleus (numts) are present in a wide range of eukaryotes (Du Buy and Riley 1967; Corral et al. 1989; Bensasson et al. 2001; Hazkani-Covo et al. 2010) . Once integrated into the nucleus, numts escape from mitochondrial selective constraints (Perna and Kocher 1996; Bensasson et al. 2001) and generally experience mutation rates that are on average around one order of magnitude slower than the mitochondrial genome (Brown et al. 1982; HaagLiautard et al. 2008 ; although see Lopez et al. 1997) . For this reason, numts are usually considered ''fossilized'' copies of ancient mitochondrial lineages (Perna and Kocher 1996; Bensasson et al. 2001; Zischler et al. 1995) , whose Electronic supplementary material The online version of this article (doi:10.1007/s00239-012-9519-y) contains supplementary material, which is available to authorized users. inadvertent amplification can potentially contaminate mitochondrial databases (Greenwood and Pääbo 1999; Jensen-Seaman et al. 2004; Anthony et al. 2007 ). Contamination of mitochondrial sequence databases is particularly acute for the mitochondrial control region (MCR) given its widespread use as a population genetic marker in many vertebrate taxa, including great apes (Sbisà et al. 1997; Jensen-Seaman and Kidd 2001; Arora et al. 2010) . However, the prevalence of MCR integrations in many species remains poorly understood yet could have important implications for population genetic analyses of mitochondrial datasets.
A numt search in an early draft of the human genome showed an apparent deficit in the number of MCR numts compared to other mitochondrial regions (Mourier et al. 2001) . Two possible explanations have been proposed to explain this observation. One states that if numts are predominately derived from RNA transcripts then untranscribed portions of the mitochondrial genome, such as the MCR, will be under-represented in the nuclear genome. Although such a mechanism of genetic transfer to the nucleus has been previously observed in plants (Nugent and Palmer 1991; Henze and Martin 2001) , it remains to be shown that this is also the case in animals (Lopez et al. 1994; Henze and Martin 2001; Mourier et al. 2001) . Alternatively, the deficit of numts originating from the MCR might be due to a detection bias arising from the high mutation rate of these regions and hence rapid loss in sequence identity relative to other portions of the mitochondrial genome (Saccone et al. 1991; Sbisà et al. 1997; Pesole et al. 1999; Mourier et al. 2001 ).
Compared to mitochondrial coding genes, the accumulation of insertions, deletions, and nucleotide substitutions is more common in non-coding mitochondrial regions such as the MCR (Sbisà et al. 1997) . This region has a high prevalence of nucleotide repeats (i.e., low DNA complexity) and is known to have an elevated rate of change (Bodenteich et al. 1992; Sbisà et al. 1997; Zardoya and Meyer 1998) . Over time, these properties of the MCR domain are expected to erode the mitochondrial sequence identity of the nuclear copies and thus explain the apparent numt deficit. Similarly, within the MCR, nucleotide variability and levels of DNA complexity are likely to differ among the four MCR sub-domains, potentially leading to differences in their apparent abundance in the nuclear genome. The vertebrate MCR domain is composed of two hyper-variable regions (HV1 and HV2), a conserved central domain (CCD), and a terminal portion adjacent to the phenylalanine tRNA gene (MCR F ). In the mitochondrial genome of mammals, the sub-domains HV2 and MCR F exhibit considerable variation not only in nucleotide sequence composition and length but also in the proportion of repeat motifs (Sbisà et al. 1997) . We, therefore, predict that more variable MCR sub-domains will exhibit a greater deficit in the number of numts identified in genomic databases and that this deficit would have arisen as a result of the greater difference in sequence identity observed between more variable mitochondrial sub-domains and their nuclear copies. Likewise, we also predict that more variable mitochondrial coding regions will exhibit a similar deficit in the number of detected numt copies.
Several studies have shown that in hominoids the nuclear integration of mtDNA fragments is an ongoing process (Thomas et al. 1996; Mourier et al. 2001; Ricchetti et al. 2004 ). However, the tempo and rate of insertion appears to vary between studies. While several studies have argued for a constant rate of numt insertion (Mourier et al. 2001; Bensasson et al. 2003; Hazkani-Covo et al. 2003) , others instead suggest that the rate of numt insertion has not been constant, at least during the diversification process of great apes (Gherman et al. 2007; Hazkani-Covo 2009) . A critical step in gauging rates of insertion is the reliable inference of numt age. However, past use of phylogenetic methods to date numts and estimate insertion rates in great apes can be misleading since numts are small (\500 bp) and usually contain insufficient phylogenetic information to accurately place their time of insertion (Jensen-Seaman et al. 2009 ). Furthermore, estimating the time of insertion of numt loci is problematic when both mitochondrial and nuclear loci are combined into the same phylogeny due to striking differences in patterns and rates of nucleotide substitution between the nuclear and mitochondrial genomes (Graur and Li 2000; Schmitz et al. 2002 Schmitz et al. , 2005 . Alternatively, the approximate time of insertion of candidate loci in a reference phylogeny can be estimated by either conducting comparative BLAT surveys of taxa which have whole genomic sequences available or via cross-species PCR amplification of candidate loci from taxa that presently lack a comprehensive genomic database (Zischler et al. 1998; Kent et al. 2002; Hazkani-Covo 2009; Jensen-Seaman et al. 2009 ).
Given our present lack of understanding of the molecular evolutionary dynamics of great ape MCR numts and the importance of these genetic elements in mitochondrial genetic studies, we set out to first conduct a rigorous inventory of numts from the four MCR sub-domains identified in the three most comprehensive reference genomic databases of great apes, i.e., human, chimpanzee, and orangutan. These data were then used to test the hypothesis that the prevalence of numts from each subdomain is negatively related to the proportion of variable sites (PVS) and positively related to DNA complexity. The presence of the MCR numt loci obtained from this study was then determined in other great ape taxa (gorilla and gibbon) to estimate their approximate time of insertion and test the hypothesis that the rate of numt insertion has been constant through the evolution of great apes (Hominoidea). These data were also used to determine whether more variable sub-domains are proportionally under-represented in more ancient numts. We also compared the PVS in 15 mitochondrial genes in humans (Ingman and Gyllensten 2006) to the prevalence of their nuclear pseudogenes (Triant and deWoody 2007) to assess whether variability in mitochondrial coding regions is also negatively related to numt prevalence. This research will ultimately contribute to a better understanding of the factors determining the apparent abundance and distribution of mitochondrial fragments in the nuclear genome of great apes and may have important implications for population genetic analyses of mtDNA where detection and elimination of numt contaminants is an issue.
Materials and Methods
Relative Abundance of MCR Numts in the Genome of Humans, Chimpanzees, and Orangutans
The BLASTn algorithm (Altschul et al. 1990 ) was used to carry out an exhaustive search for MCR numts in reference genome databases from human (build 36.3), chimpanzee (build 2.1), and orangutan (P_pygmaeus2.0.2) assemblies. Complete versions of the two other reference genomic databases of Hominoidea (gorilla and gibbon) were not available at the time BLAST searches were conducted. The MCR query sequence was taken from reference mitochondrial genomes of the corresponding species (NC001807.4 for human, NC001643.1 for chimpanzee, and D38115.1 for orangutan). Each contain four MCR sub-domains: the two hyper-variable regions (HV1 and HV2), the CCD, and the sub-domain proximal to the phenylalanine tRNA gene (MCR F ). The query sequences also contained the two 500 bp flanking regions, defined here as MT P and MT F , where the former comprises the genes for tRNA of proline (MT-TP) and threonine (MT-TT) and 32 % of the cytochrome b gene (MT-CYB), whereas the latter comprises the genes for phenylalanine tRNA (MT-TF) and 45 % of the 12S rRNA gene (MT-RNR1). A fragment of 81 bp was found to be missing from the HV1 region of the mitochondrial reference sequence for the orangutan and was replaced by another HV1 sequence reported in the same species (AJ586559.1). The filters and mask options of BLAST searches were clicked off; search parameters were relaxed to a word size of 7; match/mismatch scores of 1/-1 were adopted and gap creation and extension penalties of 3 and 1 were applied, respectively. Only hits of either (i) at least 100 bp in length and 60 % identity or (ii) a size of between 50 and 99 bp with identity greater than 70 % were considered. As preliminary analyses indicated that expect-values for discontiguous numt hits did not exceed 0.39, this value was used as an upper limit above which hits were rejected.
Abundance of Numts Across the Different MCR Sub-domains
The mitochondrial sequences of the five major taxa in the Hominoidea, i.e., human, chimpanzee, orangutan (D38115.1-AJ586559.1), gibbon (X99256.1), and gorilla (NC001643.1) were aligned using ClustalW (Larkin et al. 2007 ) implemented in MEGA v4 (Tamura et al. 2007) . Two fragments of 96 and 20 bp in the HV2 and MCR F , respectively, appear to have been historically deleted from the mitochondrial genome of orangutans but are present in both humans and chimpanzees. The PVS in the five major taxa of great apes, consisting of both indels and segregating sites, was then calculated for the four MCR sub-domains and the two flanking regions using the program DnaSP v5 (Librado and Rozas 2009) . The average number of numts per nucleotide position (numts/site) was estimated for each region. Pearson's r correlation analysis was used to compare the relationship between PVS and numts/site to test the effect of sequence variation on the number of detected numts.
Additionally, an index of DNA complexity was calculated by dividing the size in base pairs of each region by the number of base pairs considered to be part of nucleotide repeat blocks. Such blocks were determined by the program MSATFINDER v2.0 (Thurston and Field 2005) and defined as stretches of at least five tandem repeats of mononucleotides or at least three tandem repeats of longer motifs (2-6 nucleotides). Numt abundance was calculated as the number of numts partially or entirely derived from a particular region weighted by the size of the region. The relationship between DNA complexity and numt abundance was also assessed through regression analysis to test the hypothesis that potential mutational hotspots in repetitive blocks (low complexity) impact our ability to detect numts from sub-domains with low DNA complexity.
Observed Rate of Insertion of MCR Numts in the Hominoidea
The presence of human and chimpanzee numts retrieved from the BLAST searches in other hominoids and an outgroup macaque (rheMac2, Jan 2006) was determined by genomic BLAT surveys of reference genomic databases (i.e., human, chimpanzee, orangutan, and macaque) (Kent et al. 2002) and BLAST searches of partial genomic databases of the whitecheeked crested gibbon (Nomascus leucogenys, ADFV00000000; September 2010) and the western lowland gorilla (Gorilla gorilla gorilla, CABD00000000, November 2009). This approach allowed us to identify hominoid-specific numts and detect their orthologs in other taxa. In cases where genomic sequences from gorilla and gibbon were not available or orthology was ambiguous, the presence/absence of a given MCR numt was determined by cross-species PCR amplification of genomic DNA from western lowland gorilla or white-handed gibbon (Hylobates lar) using primers specific to both numt flanks (Supplementary Table 1 ).
The period of insertion of each numt was then deduced by mapping the first appearance of a given numt to the relevant inter-nodal position in the reference phylogeny of the Hominoidea (Goodman et al. 1998 ). This phylogeny is considered to be a robust estimate of phylogenetic relationships within this group and is based on sequence data from the b-globin gene cluster and fossil evidence. According to this phylogeny, the Cercopithecoidea (Old World monkeys including macaque) diverged from Hominoidea around 25 million years (Ma) ago. The lineage leading to the gibbon then diverged 18 Ma ago, followed by the divergence of Pongo (orangutan) 14 Ma ago, Gorilla 7 Ma ago, and then the separation of the two terminal taxa Homo (human) and Pan (chimpanzee and bonobo) around 6 Ma ago.
The observed rate of insertion of MCR numt loci was estimated as the number of detected insertions that first appeared in a given inter-nodal region divided by the period of time between successive nodes. We did not attempt to conduct a rigorous distinction between independent mitochondrial translocations and post-integration duplications owing to the difficulty of unambiguously differentiating between these two events. However, several duplication events could be confirmed in cases where multiple numts exhibited the same boundaries and high identity along their flanking regions (e.g., See panY8000 series in Supplementary Table 2 ).
Variability in Mitochondrial Genes and the Apparent Prevalence of Their Nuclear Copies
We tested the correlation between PVS of 15 human mitochondrial genes with the number of numts derived from the same genes in the human genome. In order to do this, we made use of 100 mitochondrial genomes from human populations around the world available through the Human Mitochondrial Genome Database (Ingman and Gyllensten 2006; see Supplementary Table 3 ) and an inventory of human numts found through BLAST searches for the 13 protein-coding and the two rRNA mitochondrial genes in humans, as reported by Triant and deWoody (2007) . The PVS and the proportion of the average number of numts per nucleotide position (numts/site) were calculated for all 15 mitochondrial genes. The relationship between PVS and numts/site was assessed using a Pearson correlation test.
Results

MCR Numt Prevalence by Sub-domain
BLAST searches recovered a total of 122 chimpanzee, 100 orangutan, and 97 human putative MCR numts. Despite the overall excess of MCR numts in chimpanzee, the relative proportion of numts by MCR sub-domain was similar in all three great ape taxa (Fig. 1) . There was also a pronounced deficit in numts originating from the HV2 and MCR F relative to the other sub-domains and a slight deficit was also noticed in numts from HV1. The PVS showed a bimodal distribution with maxima in HV1 and HV2/MCR F (Fig. 1) . Unlike other sub-domains where PVS was mainly determined by the number of segregating sites, the elevated sequence variation in HV1 and HV2/MCR F was explained by both segregating sites and indel events.
Sequence Variability and the Number of Traceable Numts
There was a strong negative correlation between the PVS and the average number of numts/site when the three target genomes were analyzed together (Pearson = -0.82; d.f. = 16; p \ 0.001; R 2 = 0.67) (Fig. 2) . This relationship was highly significant for orangutans ( 
Variable Rate of Insertion of MCR and Coding Region Numts
Genomic database surveys and cross-species PCR assays succeeded in placing the origin of 62 MCR numts in the hominoid phylogeny along with 22 additional numts derived from the two flanking regions MT P (12) and MT F (10) (Fig. 4) . MCR translocations include eight that originated prior to the divergence of orangutans, 25 specific to chimpanzees, 20 specific to orangutan, and two specific to humans (see Supplementary Tables 1 and 2 for detailed information). The presence/absence status of five additional candidate numts could not be unambiguously determined in macaque due to gaps in the reference genome database or chromosomal deletions containing the target region. From these data, we estimated an average observed rate of insertion of 1.38 MCR numts/Ma in the hominoid genome, although this is likely to be slightly biased as numts specific to gibbon and gorilla were missed. Different rates were found among taxa, with a much higher overall rate in chimpanzee (4.17 numts/Ma) that contrasts with those in human (0.33 numt/Ma; the sister taxon) and orangutan (1.43/Ma). The slight deficit in numts from HV1 relative to other sub-domains was only observed in numts predating the common ancestor of the Hominoidea, meaning that the overall numt deficit in this sub-domain is mostly determined by older numts. However, an ample deficit of numts from HV2 and MCR F is observed regardless of insertion time. In general, sequence identity between mitochondrial sequences and their numt copies steadily decreased with numt age from nearly 90 % in numts inserted in the lineage leading to human and chimpanzee to 75 % in numts originating prior to the diversification of hominoids, although this trend did not hold true for humans, where the two species-specific numts exhibited an identity of only 78 % (Fig. 5) .
Although we did not intend to make a rigorous distinction between direct integrations of mitochondrial fragments and duplications of previous integrations, we found multiple cases of recent MCR numt duplications Fig. 4 Phylogeny of the Hominoidea and macaque from Goodman et al. (1998) showing the number of MCR numts inserted during particular inter-nodal time periods, the observed insertion rate (numts/ Ma), and the average sequence identity (%) between a given numt group and the corresponding mitochondrial region. The panY8000-numt cluster was excluded from calculations of identity in chimpanzee since they are known to be duplications of an ancient numt nested in larger duplications of chromosomal fragments, interestingly all located in the Y chromosome. These comprise the two human-specific MCR numts (hY_77 1 and 2), which exhibit identical size, sequence, and high identity with one another along both flanks. Likewise, 15 of the 26 chimpanzee-specific numts were nested in chromosomal duplications in the Y chromosome (panY8000). They share identities of over 88 % with one another and are derived from an ancient mitochondrial integration of *8,000 bp that inserted over 25 Ma ago in the Hominoidea ancestor. Altogether, panY8000 numts accounts for over 1.2 9 10 5 bp of mitochondrial sequences in the chimpanzee nuclear genome.
Analysis of the 15 mitochondrial genes in humans revealed that the average number of numts derived from each nucleotide site decreased with the PVS in each gene (Fig. 6) . This results in a negative relationship between PVS and numts/site (Pearson = -0.61; d.f. = 13; p = 0.016; R 2 = 0.37). For instance, the gene 16S has the smallest PVS (0.030) and one of the greatest proportions of numts per site (23.6), whereas the gene ATP8 has a relatively high PVS value of 0.09 and a proportion of numts/site of only 6.64.
Discussion
The resulting list of MCR numts from our BLAST search recovered 40 human and 34 chimpanzee numts previously reported for these taxa (Mourier et al. 2001; Hazkani-Covo and Graur 2007; Lascaro et al. 2008; Ricchetti et al. 2004 ; Fig. 5 Hominoidea-specific numts derived from the region containing the MCR (HV1, CCD, HV2, and MCR F ) and 500 bp on the flanking regions (MT P and MT F ). They are organized in four groups depending on whether they are shared by multiple taxa (Hominoidea) or taxon-specific (human, chimpanzee, or orangutan). Relative size and region of mitochondrial origin are depicted by gray boxes. Dashed boxes represent regions absent from the orangutan mitochondrial genome. See Supplementary Table 2 for insertion time and specific chromosomal location of each numt J Mol Evol (2012) 75:102-111 107 Zischler et al. 1998; MITOMAP 2008) , along with a large number of loci reported here for the first time, including seven in human and 23 in chimpanzee. Our study also identified 27 numt loci exclusive to the orangutan genome and provides the first comprehensive report of MCR numts in this taxon. Overall, our results show that our search strategy recovered not only all previously described MCR numts but also proved effective in uncovering additional numts with relatively small size and low sequence identity. In general, human MCR numts found here and previously reported in other studies share on average 87-88 % of sequence identity with their current mitochondrial genomes (Table 1) . However, numts identified in previous studies (Mourier et al. 2001; Hazkani-Covo and Graur 2007; Lascaro et al. 2008) tend to be larger and less divergent than those loci reported herein for the first time. Although relaxing the search parameters in a BLAST survey is expected to increase the number of spurious associations, it can uncover additional numts whose authenticity can be established by the presence/absence comparisons in other taxa. Such an approach to numt detection could also prove useful in identification of additional numts in other species.
The strong negative relationship between PVS in the region containing the MCR and the number of numts/site supports the hypothesis that elevated mutational rate from both nucleotide substitutions and indel events in the mtDNA erodes sequence identity and leads to an apparent deficit in the amount of mitochondrial sequences located in the nuclear genome. All three target taxa exhibit a deficit in the number of numts derived from HV2 and MCR F , both of which are known for having an elevated number of variable sites and different lengths in mammals (Saccone et al. 1991) . The positive relationship between MCR sequence complexity and numt abundance in humans and chimpanzees also indicates that the loss of sequence identity and our ability to detect numts can be partially explained by elevated mutation rates in low complexity regions of the mitochondrial genome (Bodenteich et al. 1992; Sbisà et al. 1997; Zardoya and Meyer 1998) . In other words, numts are less likely to be detected if they contain regions of the mitochondrial genome of higher substitution rate, length variation, and repetitive sequence content. This might also explain the apparent deficit of numts from the MCR relative to other parts of the mitochondrial genome (Mourier et al. 2001) . The comparison between PVS in mitochondrial coding sequences and numt abundance in humans supports this conclusion and suggests that mitochondrial genes with relatively conserved sequences are probably under stronger stabilizing selection and may thus maintain a greater identity with nuclear copies.
Several pieces of evidence point to the possibility that previous analyses based on humans have underestimated the rate of insertion in other great apes. First, humans are known to have reduced genetic diversity relative to other apes due to a past population bottleneck which might have led to a numt deficit relative to other apes (Zhao et al. 2000; Kaessmann et al. 2001; Mathews et al. 2003) . Second, BLAST surveys of genomic databases based on a single individual are likely to underestimate the frequency of recent integrations that have not yet become fixed in the species (Schmitz et al. 2005) . Third, recent deletions in mitochondrial genomes used as query sequences, such as the case of two fragments lost from the mtDNA of orangutans, may also result in limited detection of numts within these regions. Finally, although our search identified previously unreported numts in the hominoid genome, either partially or entirely derived from the MCR, our estimated rate is still likely to be a conservative estimate due to the exclusion of numt hits shorter than 50 bp and extremely divergent numts. Taken together, findings from this study provide strong evidence that MCR numts may be generally underestimated in most surveys of existing genomic databases of great apes. In order to tackle this problem, we recommend incorporating as many individual genomes as become available in future genomic surveys, combined with previous suggestions such as relaxing parameters in BLAST searches and the use of alternative query sequences. Future search strategies should also experiment with using query sequences either derived from consensus sequences of multiple taxa or from an inferred ancestral mitochondrial sequence of Hominoidea to determine whether more divergent nuclear translocations and/or query sequences derived from regions no longer present in the mitochondrial genome can be detected.
Findings from the present study also provide evidence of substantial variation in the rate of insertion of MCR numts among different taxa and lineages. Such differences are unlikely to result from a systematic bias in the BLAST methods used here since these were the same in all three taxa. Rate heterogeneity among lineages cannot be attributed to a bias introduced by gaps in genome projects since the slowest rate of insertion was found in the human genome whose sequencing database is the most comprehensive. The remarkable contrast in insertion rates between humans and chimpanzees is also in agreement with previous reports (Hazkani-Covo and Graur 2007; Hazkani-Covo 2009) . One potential explanation for the excess of numts in chimpanzees is from the greater permeability of this genome to accept new integrations, as shown by the great extent of segmental duplications and high rate of structural mutation in this taxon (Ventura et al. 2011) . Demographic factors might also have played a role since human populations are known to have experienced an ancient bottleneck that led to historically low levels of genetic variation (Zhao et al. 2000; Kaessmann et al. 2001; Mathews et al. 2003; Gherman et al. 2007; McEvoy et al. 2011) . Finally, differences in mechanisms of mitochondrial integration or genome reorganization might also explain the apparent differences in numt prevalence across species but further evidence for the role of these different factors needs to be gathered.
Our results, also show that the relative abundance of numts from different MCR sub-domains is similar across all three hominoids studied here, which is consistent with a long history of mitochondrial migration into the nucleus prior to the divergence of the Hominoidea (i.e.,[25 Ma ago), including a period of intensive colonization 40-60 Ma ago (Bensasson et al. 2003; Hazkani-Covo et al. 2003; Gherman et al. 2007 ). However, numts from HV1, but not from HV2/MCR F , that originated before the hominoid diversification were found to be underrepresented. This contrasts with more recent HV1 numts, despite the relatively rapid divergence of this mitochondrial region, underlining the risk of their co-amplification and inadvertent incorporation into mitochondrial studies in primates.
Taxon-specific MCR numts from HV1 and CCD generally exhibit a high level of similarity to their mitochondrial counterparts. Overall, the high resemblance between mitochondrial sequences and their nuclear copies may be potentially problematic in population genetic studies and lead to misidentification of recent numts as mitochondrial sequences (Jensen-Seaman et al. 2004) . In these cases, inventories of species-specific numts characterized through either BLAST surveys of existing genomic databases or cross-species PCR assays will help identify instances of numt contamination and ensure that mitochondrial sequence databases are error-free.
Our findings also revealed a recent accumulation of numt duplications in the Y chromosome of humans and chimpanzees nested within duplications of larger chromosomal segments. The concentration of numt duplications on the Y chromosome is surprising given its small size and is consistent with previous reports of an excess of human-specific numts in the Y chromosome (Ricchetti et al. 2004) . The apparent accumulation of numt duplications in the Y chromosome is likely to be a product of extensive chromosomal duplications, as evidenced by the widespread distribution of transposable elements and other DNA duplications on this chromosome that together suggest a highly dynamic process of evolution (Kuroki et al. 2006; Bowden 2010; Hughes et al. 2010) . It is also important to note that the high rate of duplication and other chromosomal rearrangements in the Y chromosome of great apes could be caused by additional factors such as the greater number of cell divisions in the male germ line (Erlandsson et al. 2000) , reduced selective pressure in the Y chromosome, and lack of meiotic recombination in the vast majority of this chromosome (Charlesworth 1991; Foote et al. 1992; Tilford et al. 2001) . Future sequencing of multiple conspecific genomes and completion of other ongoing genome projects may shed light on whether the observed concentration of recent numts in the Y chromosome is common in other primates or varies between populations and subspecies. If that is the case, then duplications of chromosomal fragments may prove useful as cytogenetic markers in future population genetic studies.
